While cholinergic neuromodulation is important for locomotor circuit operation, the specific 24 neuronal mechanisms that acetylcholine employs to regulate and fine-tune the speed of 25 locomotion are largely unknown. Here, we show that cholinergic interneurons are present in 26 the zebrafish spinal cord and differentially control the excitability of distinct classes of 27 motoneurons (slow, intermediate and fast) in a muscarinic dependent manner. Moreover, we 28 reveal that m2-type muscarinic acetylcholine receptors (mAChRs) are present in fast and 29 intermediate motoneurons, but not in the slow motoneurons, and that their activation decreases 30 neuronal firing. We also provide evidence that this configuration of motoneuron muscarinic 31 receptors serves as the main intrinsic plasticity mechanism to alter the operational range of 32 motoneuron modules. These unexpected findings provide new insights into the functional 33 flexibility of motoneurons and how they execute locomotion at different speeds. 34
numerous studies also demonstrate m2-mAChR-mediated inhibitory actions, in several 53 neuronal populations (Brown, 2010; Felder, 1995; Hosey, 1992) , including motoneurons 54 (Kurihara et al., 1993) . Moreover, m2-mAChRs are found to be predominantly expressed in 55 large motoneurons (Welton et al., 1999) . This suggests that only a subset of motoneurons are 56 sensitive to cholinergic modulation via the m2-mAChRs. In order to resolve the question of 57 whether m2 receptors are present in all motoneuron pools (slow, intermediate and fast), and 2E). Although these interneurons do not receive rhythmic synaptic inputs during locomotion, 141 they receive strong synaptic potentials at speeds < 6 Hz (paired t test, t = 5.133 df = 40, p < 142 0.0001, n = 3 neurons; Figure 2F ). 143
It was apparent that the cholinergic interneurons are not active during regular swimming (< 144 6Hz), so we next assessed when these cholinergic interneurons operate, contributing to 145 locomotor network functionality. To address this issue, we subjected adult zebrafish to forced 146 fast swimming test (80% of the critical speed (Ucrit), see Material and Methods) for 2 h, 147 followed by functional anatomical analysis of c-fos expression as an index of neuronal activity. 148
Analysis of c-fos intensity in all ChAT + Islet1neurons revealed that more neurons are active 149 (54%) during fast swimming, compared to the control, as indicated by a significant increase in 150 c-fos expression (unpaired t test, t = 2.89 df = 60, p = 0.0054; Figure 2G and their activity is related to prolonged fast locomotion.
In mammals, acetylcholine increases the excitability of spinal motoneurons through the 158 activation of muscarinic receptors (Miles et al., 2007) . To investigate whether zebrafish 159 motoneuron excitability is responsive to activation of mAChRs we obtained whole cell current single APs or number of bursts) to steps of supra-threshold depolarizing current pulses (500 165 ms, increments of 10% from rheobase), before and after the application of muscarine, a non-166 selective mAChR agonist. In the presence of muscarine (15 μM), the firing rate of both slow 167 (one-way ANOVA repeated measures, F 1.319, 5.277 = 16, p = 0.021, n = 5 out of 5) and intermediate 168 (one-way ANOVA repeated measures, F 1.269, 6.344 = 24.36, p = 0.0079, n = 6 out of 6 neurons) 169 motoneurons substantially increased ( Figure 3A -C, F). This was accompanied by an increase 170 of the input resistance (slow MNs: one-way ANOVA repeated measures, F 1.059, 4.237 = 13.34, p = 171 0.0227; intermediate MNs: one-way ANOVA repeated measures, F 1.493, 7.466 = 12.64, p = 0.0258; 172 Figure 3E ) and changes in other intrinsic biophysical properties (Supplementary file 2), without 173 significantly altering the resting membrane potential ( Figure 3D ). In contrast, the fast 174 motoneurons showed a decrease in excitability, resulting in fewer action potentials (one-way 175 ANOVA repeated measures, F 1.986, 15.89 = 38.05, p < 0.0001, n = 9 out of 9 neurons; Figure  176 3A,B,F) associated with a significant decrease of the input resistance (one-way ANOVA 177 repeated measures, F 1.12, 8.958 = 4.462, p = 0.0141, Figure 3E ). Moreover, alterations of the 178 electrical properties of fast motoneurons were similar to those observed in the intermediate and slow (paired t test, t = 4.00, p = 0.0161, n = 3 out of 3 neurons) motoneurons ( Figure 4A -191 C). To assess whether m2-mAChRs are present in all classes of motoneurons, we applied 192 oxotremorine-M (Oxo-M; 20 μΜ), an m2-mAChR preferential agonist (Murakami et al., 1996). 193 In response, the fast (paired t test, t = 10.00, p = 0.0005, n = 5 out of 5 neurons) and intermediate 194 Figure 5A -B). It should be noted that the amplitude of the swimming membrane potential 214 oscillations during locomotion is related to swimming frequency (Gabriel et al., 2011) . In the 215 presence of muscarine, the correlation between oscillation amplitude and frequency was 216 decreased in the fast motoneurons ( Figure 5C ) and enhanced in the intermediate motoneurons 217
that were recruited above 7 Hz ( Figure 5D ). Furthermore, we investigated the number of APs Finally, we sought to better understand the in vivo behavioral functions of the activation of 226 mAChRs. Therefore, we subjected zebrafish to a critical speed test (Supplementary file 3; see 227
Supplemental Experimental Procedures). Critical speed (U crit ) is a measure of the highest 228 sustainable swimming speed that a fish can reach (Brett, 1964) . Intraperitoneal administration 229 of muscarine (50 μM, 525 ng/g BW; Supplementary file 3A) significantly reduced the highest 230 sustainable swimming speed (unpaired t test, t = 2.65, p = 0.014, n = 23 zebrafish; Figure 5F ). Figure 5G ). Similarly, exogenous activation of all muscarinic receptors except the m2-234 mAChRs, achieved by co-administration of muscarine (50 μM) and methoctramine (40 μM), 235 increased the maximum locomotor speed obtained (unpaired t test, t = 2.156, p = 0.046, n = 18 236 zebrafish; Figure 5H ). 237
To test the effect of our pharmacological treatments on locomotion under normal conditions, 238 animals were subjected to an open field test (Supplementary file 3, see Material and Methods). 239
We observed that similar treatment did not affect the regular locomotor behavior (distance 240 traveled, average velocity and maximum velocity; Figure to forced swim test. We used two different experimental protocols to investigate the activity of 401 cholinergic interneurons. Animals were subjected to prolonged swimming (2 h) at 80% of the 402 critical speed (U crit ). Control animals were kept under regular tank swimming conditions. 403
Immediately after the test all animals were fixed and processed for triple immunolabeling,
Microscopy and image analysis 409
Imaging was carried out in a laser scanning confocal microscope (LSM 510 Meta, Zeiss). 410
Cholinergic inputs on different motoneuron types were counted on single plan confocal images. Analysis of all spinal cord neurons was performed between segments 14-17. The relative 422 position was calculated using ImageJ. Examination of the descending neurons was performed 423 from a series of coronal brain section, throughout the brain, without discarding any section from 424 the analysis. The nomenclature used for the brain areas of descending neurons was based on 425 the topological zebrafish brain atlas (Wullimann et al., 1996) . All figures and graphs were 426 prepared with Adobe Photoshop and Adobe Illustrator (Adobe Systems Inc., San Jose, CA). All 427 double-labeled images were converted to magenta-green immunofluoresence to make this work mM CaCl 2 , 1.2 mM MgCl 2 , 10 mM HEPES, and 10 mM glucose, pH 7.8, adjusted with NaOH, 435
and an osmolarity of 290 mOsm. All experiments were performed at an ambient temperature 436 of 20-22°C. For whole-cell intracellular recordings, electrodes (resistance, 9-13 MΩ) were 437 pulled from borosilicate glass (outer diameter, 1.5 mm; inner diameter, 0.87 mm; Hilgenberg) 438 on a vertical puller (PC-10 model, Narishige) and filled with intracellular solution containing 439 the following: 120 mM K-gluconate, 5 mM KCl, 10 mM HEPES, 4 mM Mg 2 ATP, 0.3 mM 440 Na 4 GTP, 10 mM Na-phosphocreatine, pH 7.4, adjusted with KOH, and osmolarity of 275 441 mOsm. Dextran-labeled MNs were visualized using a fluorescence microscope (Axioskop FS 442 Plus, Zeiss) equipped with IR-differential interference contrast optics and a CCD camera with 443 frame grabber (Hamamatsu) and were then targeted specifically. Intracellular patch-clamp 444 electrodes were advanced in the exposed portion of the spinal cord through the meninges using 445 a motorized micromanipulator (Luigs & Neumann) while applying constant positive pressure. 446
Intracellular signals were amplified with a MultiClamp 700B intracellular amplifier (Molecular 447 Devices) and low-pass filtered at 10 kHz. In current-clamp recordings, no bias current was 448 injected. Only motoneurons that had stable membrane potentials at or below −48 mV fired 449 action potentials to suprathreshold depolarizations and showed minimal changes in series 450 resistance (<5%) were included in this study. In some experiments neurons were passively filled 451 with 0.25% neurobiotin tracer (Vector Labs) for post hoc analysis of their neurochemical 452 identity. Spinal cords with neurobiotin-filled neurons were dissected out and transferred in 4% 453 detection of ChAT immunoreactivity following the protocol described above. The following 456 drugs were added to the physiological solution: non-selective muscarinic receptor agonist 457 muscarine (15 μM; Sigma, M104), m2-type selective muscarinic receptor antagonist 458 methoctramine (10 μM; Sigma, M105) and m2-type preferential muscarinic receptor agonist 459 oxotremorine-M (20 μM; Sigma, O100). All drugs were dissolved as stock solutions in distilled 460
water. For all the electrophysiological recordings data analysis was performed using Spike2 461 (version 7, Cambridge Electronic Design) or Clampfit (Molecular Devices) software. The 462 action potential voltage threshold of motoneurons was determined from the measured 463 membrane potential at which the dV/dt exceeded 10 mV/msec. 464
465
In vivo swimming behavior 466
The swimming ability of zebrafish was tested using the open field test and the critical speed 467 (U crit ) test. U crit is a measure of the highest sustainable swimming speed achievable by a fish. 468
All zebrafish (n = 80) selected for the test displayed similar body length sizes and body weights. 469
Animals were first anaesthetized in 0.03% tricaine methane sulfonate (MS-222, Sigma-Aldrich) 470 in fish water and injected intraperitoneally (volume: 2 μl) with saline, muscarine (50μΜ; 525 471 ng / g body weight) or/and methoctramine (40 μM; 2230 ng / g body weight; Figure S3 ). Treated 472 animals were placed in the swim tunnel (5 L; Loligo systems, Denmark) to recover and 473 acclimated at a low water flow speed (4.5 cm/sec) for 7 min. After, fish were given the U crit test, 474 subjecting the animals to time intervals of a certain flow velocity (increments of 4.5 cm/sec in 475 5 min steps) until the fish could not swim against the water current (fatigued; Figure S3 ). 476
Fatigue was determined when fish stopped swimming and was forced against the rear net of the 477 tunnel for more than 5 sec. Critical speed was then calculated using the following equation 478 The significance of differences between the means in experimental groups and conditions was 495 analyzed using the One-wayANOVA followed by post hoc Tukey test and the two- 
695
Data are presented as mean ± SEM; ***p < 0.001; ****p < 0.0001; n.s., non-significant. 
